The phytohormone ethylene is widely involved in many developmental processes and is 11 a crucial regulator of defense responses against biotic and abiotic stresses in plants. 12
excited by plane-polarized light, and the emission spectra were recorded and analyzed by 1 PARADIGM™ (Beckman Coulter/Molecular Devices). Quantification of fluorescence 2 polarization (FP) is defined as the difference between the emission intensities of horizontally 3 ( ∥ ) and perpendicularly polarized light ( ⊥ ) to the excitation light plane normalized by the 4 total fluorescence emission intensity (Moerke, 2009 ). The formula of FP is described as 5 follows: 6
where P is the polarization obtained by subtracting the blank value of both the horizontally 7
and perpendicularly polarized light. The anisotropic levels of polarized fluorescence were 8 plotted against the concentrations of protein samples using Prism 7 (GraphPad Software, Inc.) 9 with the two-site binding equation. The dissociation constant (K d ) is determined by the 10 correlation between polarizations and sample concentrations, and the formula of two-site 11 binding is described as follows: 12 = B maxHi × K dHi + + B maxLo × K dLo + where x is the protein concentration, y is the polarized value. B maxHi and B maxLo are the 13 maximum specific bindings to the two sites in the same units as y. K dHi and K dLo are the 14 equilibrium binding constants, in the same units as x.
(MES) pH 5.7, 1.5% (w/v) cellulase R10, 0.4% (w/v) macerozyme R10, 0.4 M mannitol, 20 1 mM KCl). To enhance enzyme solubility, the solution was heated at 55°C for 10 min to 2 inactivate DNase and proteases. While the solution was cooling to room temperature (25°C), 3 10 mM CaCl 2 , 1 mM β-mercaptoethanol, and 0.1% BSA were added. Leaf strips were 4 vacuum-infiltrated for 30 min in the dark using a desiccator, then the digestion was continued 5
in the dark at room temperature for at least 3 h. The enzyme/protoplast solution was diluted 6
with an equal volume of W5 solution (2 mM MES pH 5.7, 154 mM NaCl, 125 mM CaCl 2 , 5 7 mM KCl) before filtration to remove undigested leaf tissues. The enzyme/protoplast solution 8 was filtered using 75-μm nylon mesh wetted with W5 solution, centrifuged at 200 g for 2 min 9 to pellet the protoplasts, then the supernatant was removed and the pellet was re-suspended in 10 W5 solution with gentle swirling. Protoplasts were centrifuged again for 15 min to remove 11 W5 solution, and the protoplast pellet was re-suspended with MMG solution (4 mM MES pH 12 5.7, 0.4 M mannitol, 15 mM MgCl 2 ) at room temperature. Ten μl of DNA plasmids and 100 13 μl of protoplasts were gently mixed in the microfuge tube. Then, 110 μl polyethylene glycol 14 (PEG) solution (40% (w/v) PEG4000, 0.2 M mannitol, 100 mM CaCl 2 ) was added and mixed 15 gently, and the transfection mixture was incubated at room temperature for 10 min. The 16 transfection was stopped by diluting the mixture with 400 μl W5 solution and gentle mixing. 17
The protoplast mixture was centrifuged at 100 g for 2 min to remove the supernatant and 18 re-suspended gently with 1 ml WI solution (4 mM MES pH 5.7, 0.5 M mannitol, 20 mM 19 KCl). Protoplasts were transferred to a tissue culture plate and incubated at room temperature 20 for 8 h, then re-suspended and harvested by centrifugation at 100 g for 2 min to remove the 21 supernatant. Protoplast lysis buffer (100 μl) was added to the protoplasts and mixed 22 vigorously by vortexing for 10 s, then incubated on ice for 5 min and centrifuged at 1000 g 23 for 2 min. Twenty μl of lysate was added to 100 μl luciferase mix (Dual-Luciferase ® Reporter 24
Assay System, Promega), and the luciferase activity was measured with a luminometer
Protein crystallization and data collection 1
The AtERF96 protein and GCC11 double-stranded DNA probe (5'-TAGCCGCCAGC-3') 2 were incubated in a tube at a 1:2 molar ratio, and concentrated to 6 mg/mL with GF2 buffer 3 for crystallization. Screening for suitable crystallization conditions was performed using the 4
Crystal Phoenix Liquid Handling System robot (Art Robbins Instruments, LLC). The 5
program was set to a sitting-drop method, which dispensed an equal volume of the protein-6 DNA mixture and screening buffer to a volume of 1 μL to each well of a 96-well plate. The 7
AtERF96-GCC11 complex crystals were observed at a temperature of 295 K at four 8 Research, Inc.). Crystals grew to a suitable size for X-ray diffraction after six months. All 14 diffraction data were collected at 100 K on beamline 13C1 at the National Synchrotron 15 Radiation Research Center (NSRRC), Hsinchu, Taiwan. Diffraction data were recorded using 16 the ADSC Quantum-315r CCD detector and collected using Blu-Ice software (McPhillips,
Structure determination and refinement 19
Diffraction data were indexed, integrated, and scaled using the HKL2000 package 20 The unknown region of the AtERF96 structure was built manually using COOT software, 8 according to the F o -F c electron density map. The resulting electron density map was 9 sharpened by density modification using RESOLVE (Afonine, Grosse-Kunstleve et al., 2012). 
RESULTS 2
AtERF96 recognizes the core sequence of the GCC box motif 3
The full-length AtERF96 protein consists of 131 amino acids. We constructed and 4 expressed a series of AtERF96 proteins, including wild-type and different mutants, in an E. 5 coli system, and purified these using fast protein liquid chromatography (FPLC). Two elution 6 peaks of the AtERF96 protein from the size-exclusion chromatography (SEC) analysis were 7
determined at approximately 286.5 and 26.7 kDa (Fig. S1A) . However, the molecular weight 8 of the AtERF96 protein ranges between 15 and 20 kDa based on SDS-PAGE (Fig. S1B ). We 9 used dynamic light scattering (DLS) to further confirm protein homogeneity and the size 10 distribution profile. The results showed that the precise monomeric form (62.7 mL) was 17 11 kDa, which is consistent with the results of the SDS-PAGE analysis ( Fig. S1D 
and E). 12
The AtERF family widely regulates defense-related genes by recognizing the GC-rich 13 sequences at the upstream promoter. Hence, we designed the SEC experiments to clarify 14 whether the AtERF96 protein interacts with the GCC box motif. An earlier elution volume of 15 the SEC trace indicated that the AtERF96 protein interacts with the GCC12 DNA probe 16 composed of 12 base pairs (Fig. 1A) . To determine whether the length of the GCC box 17 sequence influences the binding ability of AtERF96, we designed different lengths of GCC 18 probes comprised of a core sequence and a variable flanking region according to the GC-rich 19 promoter sequence in Arabidopsis (Table S2) . Fluorescence-based electrophoretic mobility 20 shift assay (fEMSA) analysis showed that all GCC probes bound to the AtERF96 protein, 21 especially GCC11 and GCC12 (Fig. 1B) . Therefore, we co-crystallized AtERF96 with the 22 GCC11 DNA site and determined the structure to a resolution of 1.76 Å with final R work /R free 23 values of 20.7%/22.7% (Fig. S1C , Table 1 ).
Crystal structure of the AtERF96-GCC11 complex 1
The complex structure consists of the AtERF96 protein with all 131 amino acids, and a 2 double-stranded GCC box motif with 11 base pairs (Fig. 1C) . The AtERF96 structure is 3 composed of five α-helices and three β-sheets, including an AP2/ERF domain (K14-E74, β1-4 β3) for target gene recognition, as well as an EDLL motif (F105-L119, α5) for transcriptional 5 activation. The three-stranded antiparallel β-sheet fragment of the AP2/ERF domain binds to 6 the GCC11 motif and crosses the adjacent major groove region. We found that AtERF96 and 7
AtERF100 could be superimposed with a backbone root-mean-square deviation of 1.31 Å 8 across 55 Cα atoms in the AP2/ERF domain (Fig. S2 ). The front of the AP2/ERF domain is 9 the N-terminal α-helix (M1-G9, α1), which docks into the minor groove of the GCC11 motif. 10
A linker consisting of eight residues (A10-G17) connects the α1 helix and β1 sheet, gripping 11 one strand of the DNA double helix between the α1 helix and the β1 sheet of the AP2/ERF 12 domain (Fig. 1C) . Extending from the AP2/ERF domain, three α-helices (α3-α5), including 13 an EDLL motif, constitute the C-terminal region (Y75-K131) in a triangular-shaped 14 architectural design. Most residues of the AP2/ERF domain have a positively charged electric 15 potential and are highly conserved in group IX of the AP2/ERF family ( Fig. 2A, Fig. S3 ). Theinteractions of DNA base pairs in the 3' flanking region (Fig. 2F) . We therefore analyzed the 1 nucleic acid structure of AtERF96-GCC11 using the w3DNA server (Zheng, Lu et al., 
2009). 2
The conformational analysis indicated that the GCC11 structure shows an obvious shift and 3 twist in the base step C7/C8, as well as a large tilt and roll in the base step T14/G15 ( Table  4 S4). The parameters imply hydrogen bond disruption of DNA base pairs C8-G15 and A9-T14 5 (Table S5 and S6). The results suggest that the AtERF96 protein specifically binds the GCC 6 box core sequence through the AP2/ERF domain, and also connects the N-terminal α1 helix 7 to these interactions by binding to the 3' flanking region of GCC11. 8
Effect of mutations on the AtERF96-GCC box interaction 9
In view of the structural information about the AtERF96-GCC box complex, we 10 investigated the importance of conserved residues in the AP2/ERF domain of AtERF96 for 11 GCC box binding. We present a series of AtERF96 mutants corresponding to the binding 12 residues of the structural data and analyzed the dissociation constant (K d ) with a fluorescently 13 labeled GCC box probe using a fluorescence polarization (FP) assay (Fig. 3A) . We chose the 14 GCC12 probe to perform the analysis due to its significant binding shift in the fEMSA assay 15 (Fig. 1B) . The results showed that the curves of concentration-dependent polarization fit two 16 sites binding with two independent K d values (K dHi and K dLo ) (Table S7 ). AtERF96 mutants 17 had a significant reduction in the binding ability of R16A, R19A, R21A, R39A, and R41A to 18 the GCC12 probes (Fig. 3 , Table S7 ). All of above mutants showed raised levels of K dHi value, 19
implying that these residues are necessary for specific binding in the GCC box. Except for the 20 R16A, W23A, and double-mutant proteins, most mutants remained roughly at the same level 21 of K dLo relative to the wild-type (Fig. 3 , Table S7 ). The raised K dLo levels of R16A and W23A 22 reflected that these residues are involved in non-specific binding in the GCC box, including 23 the π-π stacking of the indole ring and phosphate group binding ( Fig. 2C and E) . TheGCC12 probes (Fig. 3J and K, Table S7 ), indicating that these double mutants nearly lost 1 their ability to recognize the core sequence. We noticed that the values of K dHi in the R39A, 2 R19A/R21A, and R31A/R39A mutants were approximately equal to the K dLo values (Fig. 3J  3 and K). Thus, we further analyzed all the polarization data using the equation of one-site 4 binding. The results showed that the polarized curves of R19A, R21A, R39A, W41A and 5 double mutants could be also fitted by the one-site binding (Fig. S4) . In addition, R39A, 6 R19A/R21A, and R31A/R39A mutants revealed the similar K d value to the K dHi and K dLo , 7 respectively (Fig. S4G, I , and J, Table S7 ). This indicates that the binding specificity of these 8 mutants was weakened as the features of two-site binding became insignificant. We also 9 performed a fEMSA assay to verify the binding ability of various AtERF96 mutants with 10 different lengths of the GCC box probe. Irrespective of the GCC box probe length used, the 11 binding affinities of the R19A, R21A, R31A, R39A, and W41A mutants were severely 12 decreased ( Fig. S5 and S6 ). The R16A mutant showed minor affinities with the shorter GCC8 13 and GCC10 probes ( Fig. S5A and B) , whereas the R19A/R21A and R31A/R39A double 14 mutants barely had the ability to bind any probes (Fig. S7A) . Similar to the results of the FP 15 analysis, the W23A mutant showed a lower binding ability with the GCC8, GCC11, and 16 GCC15 probes, and the W41A mutant revealed a more severely reduced interaction with all 17 of the GCC probes ( Fig. S5 and S6) . We further investigated the importance of AtERF96 18 N-terminus in GCC box binding, and designed a series of AtERF96 mutants in view of the 19 probable DNA-binding residues in the α1 helix (Fig. 4A ). All N-terminal mutants had limited 20 influence on K dHi levels, except for the N-terminal truncated protein (Fig. 4B-F) . However, 21 the K dLo levels of D2A/Q3A/R6A and ND10 significantly increased (Fig. 4E and F, Table S7 ). 22
The results indicate that the residues in the α1 helix are involved in non-specific binding. 23
Overall, most of the conserved arginines and tryptophans in the AP2/ERF domain of theand S6). Furthermore, we observed two regions of the EDLL motif with high B-factor 1 distributions, including the residues G80 to S84 and V104 to Y109 (Fig. 6D) leucine are enriched and highly conserved in the EDLL motif of group IX of the AP2/ERF 4 family (Fig. 6E, Fig. S3 ). The results suggest that the EDLL motif is necessary for AtERF96 5 to interact with MED25, a subunit of the mediator complex in Arabidopsis. 6
DNA binding specificity of AtERF96 7
To determine whether AtERF96 proteins interact with non-GCC box motifs, we tested 8 three DNA motifs with GC-rich sequences: P box, CS1 box, and DRE box (A/GCCGAC) 9 (Hao, Yamasaki et al., 2002). We designed these three probes with fluorescein fused to the 5'-10 or 3'-end and tested the binding ability between AtERF96 proteins and these DNA motifs 11 using fEMSA and FP analyses. The GCC12 probe and the W box (TTGACC) probe were 12 used as positive and negative controls for fEMSA analysis, respectively. (Fig. S7B) . The 13 fEMSA results showed that AtERF96 protein has a slight binding ability to P box, CS1 box, 14 and DRE box motifs (Fig. 7A) . The FP assay also revealed that the K dHi levels of these motifs 15 to AtERF96 protein were much weaker than the GCC box by 8 to 25 fold, respectively (Fig.  16 Table S8 ). By contrast, the influence of the K dLo levels on the P box and DRE box 17 motifs was insignificant (Table S8 ). These data suggest that the AtERF96 protein retains a 18 limited binding ability for other DNA motifs through non-specific interactions. In this study, we determined the crystal structure of the AtERF96-GCC11 complex, 13
7B-D,
including an AP2/ERF domain and an EDLL motif at a resolution of 1.76 Å (Fig. 1C , Table  14 1). The conformation of the AP2/ERF domain in AtERF96 shows a similar framework to 15 AtERF100 upon binding to the target DNA (Fig. S2) (Allen et al., 1998) . Nevertheless, the 16 potential propensity of residue-nucleotide interactions shows some differences between these 17 two structures. For example, residue R31 of AtERF96 (R162 of AtERF100) contacts the 18 phosphate group of nucleotide G15; at the same structural position, the arginine of AtERF100 19 binds to the guanine base. Residue R21 of AtERF96 (R152 of AtERF100) contacts 20 nucleotides T1 and G3 at the 5'-end, but residue R152 of AtERF100 binds to nucleotide G19 21 closer to the 3'-end of another strand. Residue R39 of AtERF96 (R170 of AtERF100) contacts 22 three guanines, G6, G15, and G16, instead of the sugar-phosphate backbone of nucleotide C5. 23
There are two causes for these differences: one is the discrepancy of the polar residues from 24 the few non-conserved amino acids between these two AP2/ERF domains; the other is theinteracts with the flanking region following the core sequence of the GCC11 motif at the 1 minor groove. Interestingly, residue Q3 of the α1 helix provides polar interactions with 2 nearby nucleotides, especially G10 and T14, resulting in unpairing and unstacking of base 3 pairs from C7 to G16 (Fig. 5C and D) . We used the 3DNA suite of programs to analyze the 4 conformation of DNA base pairs in the residue-binding region. Results indicated that 5 nucleotides C8, T14, and G15 exhibit shifting, tilting, and rolling (Table S4 ). Disruption of 6 base stacking in single-stranded polynucleotides significantly alters the base pair 7 conformation, leading to a lack of information on the spatial configurations of base pairs 8 C8-G15 and A9-T14 (Table S5 and S6). The residue-base interaction of R39-G16 combined 9
with the shifting and twisting of base C7/C8 directly leads to a shear in the base pair C7-G16 10 (Table S5) . Thus, the unpaired and unstacked nucleotides further affect the interaction with 11 the residues of the β1-β2 strands at the major groove. This result explains why few conserved analysis. We noticed that the interaction of AtERF96-GCC box showed the capacity for both 23 specific and non-specific binding in our FP analysis. The polarization curve of wild-type 24
AtERF96 showed a clear trend with two rises, which can be also observed in the results of 25 analyze the data using the one-site binding equation: y = B max × x/K dHi + x, the data of 1 wild-type and mutants again were difficult to fit to the sigmoid curve (Fig. S4) . However, the 2 equation can fit the data of R19A, R21A, R39A, W41A, and double mutants (Fig. S4) . The 3 results imply that some residues are crucial for the recognition of the GCC box, and that the 4 mutations caused the functional loss of specific binding. Among these, R19 and R39 showed 5 the major influence in the specific binding, due to their interactions with the bases G7, G16, 6 G17, G19 and G20 in the GCC12 probe (G6, G15, G16, G18 and G19 in the GCC11 probe) 7 (Fig. 3, Table S7 ). At the N-terminus of AtERF96, all mutants retained the two-site binding 8 feature in the raw data (Fig. 4) . The ND10 truncated protein showed a limited effect on 9 specific binding, accompanied by a raised K dHi level compared to wild-type, suggesting that 10 the N-terminal region is not involved in GCC box recognition (Fig. 4F) . In view of the above, 11
we suggest that the K dHi is implicated in the residue-base conservation, whereas the K dLo 12 reflects the stabilization of residue-sugar phosphate backbone, according to the effects caused 13 by mutations of conserved residues of their specific functions. To better understand the 14 impact of AtERF96 mutations in vivo, we designed a transactivation analysis in Arabidopsis 15 protoplasts with an overexpressing effector and a luciferase-fused reporter. Although the 16 N-terminal α1 helix of AtERF96 made contact with the 5' end of the template strand and 17 structurally disrupted DNA base pairing, the N-terminal mutants only showed limited 18 influence on the transactivation analysis (Fig. 5B) . These results show that the α1 helix acts 19
as an auxiliary domain in promoting transcription initiation. The transactivation assay 20 revealed that most mutations of conserved arginines in the AP2/ERF domain seriously 21 disrupted protein-DNA interactions, including the conserved tryptophans W23 and W41 (Fig.  22   6C) . However, we noticed that the sequence region excluding the AP2/ERF domain is highly 23 diverse in all of group IX members in the AP2/ERF family, meaning that the N-terminal 24 region of other ERFs are structurally distinct from AtERF96 (Fig. S3) . On the other hand, themotif indeed interacts with the MEDIATOR25 subunit of the eukaryotic Mediator complex 1 (Çevik et al., 2012). Previous work confirmed that MED25 interacts with the four members 2 of group IX of the AP2/ERF family, i.e., AtERF92, AtERF93, ORA59, and TDR1/AtERF98. 3
Interestingly, the α5 helix of the EDLL motif exhibited a significantly increased B-factor in 4 the whole structural data, implying that this region probably plays an important role in 5 attaching to the MED25 subunit (Fig. 6D) . Nevertheless, structural studies and mechanistic 6 insights into MED25 are still needed. 
